Effects of nuclear mean field and of multiple preequilibrium (PEQ) emission on double differential neutron multiplicity distribution from heavy ion reactions ( 12 C + 165 Ho and 20 Ne + 165 Ho) at 10-30 MeV/u have been investigated in the framework of the semiclassical formalism for heavy ion reaction (henceforth termed "HION") developed earlier. HION follows the equilibration of a target+projectile composite system through the kinematics of two-body scattering. In the present work nuclear density distribution in the composite system is estimated in the relativistic mean field (RMF) approach. The nucleon-nucleon collision rates and subsequently the nucleon emission probability are calculated from this density distribution. A second approach based on a semiphenomenological formalism is also used for nuclear density distribution. Energy-angle distribution of neutron multiplicities calculated with this modified HION model coupled with multiple PEQ emission could reproduce the measured data of earlier workers in the projectile energy range of 10-30 MeV/u.
I. INTRODUCTION
Emission of light particles from heavy ion reactions in the energy range of a few tens of MeV/u has gained interest in the last few decades [1] [2] [3] . In heavy ion collisions (HICs) in this energy range, it has experimentally been observed that the yield of energetic nucleons and light particles is higher than is expected from the prediction of the evaporation model [4] . These emissions, which take place due to the partial energy sharing during the initial stages of compound nucleus formation and its evolution towards equilibration, are the preequilibrium (PEQ) emissions and precede evaporation emission from an equilibrated compound nucleus. In heavy ion reaction at several tens of MeV/u, along with the PEQ emissions, a few more processes such as incomplete fusion, deep inelastic collisions, and breakup fusions also play dominant roles over the former processes depending upon the particle energy [5] [6] [7] [8] .
In heavy ion reaction, the relaxation process is influenced by the nuclear mean field as well as the nucleon-nucleon interaction [9] . At a projectile energy range of ∼10-30 MeV/u, both these processes play important roles and govern the yield and energy-angle distribution of the emitted particles. A number of phenomenological and theoretical proposals [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have been put forward to explain the energy-angle distribution of emitted particles at low to intermediate energy range of HIC but the issue is not yet resolved satisfactorily. The moving source parametrization [10] , Fermi-jet model [11, 12] , exciton model [2, [13] [14] [15] , time dependent Hartree-Fock model [16, 17] , quantum molecular dynamics (QMD) calculation [18, 19] , Boltzmann-like transport equations and different types of Vlasov equations [20] [21] [22] [23] , and other models have been examined for the purpose.
Among these, the moving source parametrization fits the experimental spectra at different projectile energies based on * maitreyee.nandy@saha.ac.in the proper parametrization of the data, although the physical basis for choosing these parameters is still a point of debate. The Fermi-jet model fails to explain the experimental observation by underpredicting the measured data. The dynamical models such as the QMD and Boltzmann-like transport models are successful in the higher energy regime of nuclear reactions. These models estimate the reaction dynamics through the time evolution of nucleons considering the nucleon-nucleon (N-N) interaction in the phase space volume. We had developed a semiclassical formalism [24, 25] (henceforth termed the "HION" model) to describe energy-angle distribution of preequilibrium (PEQ) nucleon emission in heavy ion reaction in the projectile energy range of 10-30 MeV/u. In this model, energy and momentum of the scattered nucleon is determined from the kinematics of nucleon-nucleon scattering. The phase space available to the excited nucleons at the onset of heavy ion fusion is determined from the overlap of Fermi momentum spheres of the two interacting nuclei. This model had certain shortcomings [24, 25] in explaining the experimental double differential neutron multiplicities [26] [27] [28] in two respects. The model underestimated the experimental spectra for intermediate emission energies at the forward angle and overestimated the spectra at the backward angles. This may be attributed to the fact that in the beam energy range of 10-30 MeV/u both the two-body interaction and the nuclear mean field have a significant contribution in determining the nucleon emission cross section. Therefore a combination of the mean field effect and N-N collision can provide a better estimate of the neutron emission probabilities for heavy ion reaction in the energy range of 10-30 MeV/u. In order to investigate the influence of the mean field, and to overcome the shortcomings of the previous model, in the present study, two modifications have been incorporated in the model. Firstly, nucleon density distribution is determined using the relativistic mean field (RMF) approach [29, 30] which in turn is used to estimate the emission probabilities for neutrons. The resulting emission probability is lower than that considered in the earlier version of the model from an empirical expression given by Blann [31] and helps to account for the overestimations at backward angles. A second method using a semiphenomenological approach [32, 33] is also used to calculate the nucleon density distribution and the nucleon emission probability and compare with those obtained the RMF approach. Secondly, in order to account for the underestimation of the measured data by the calculated multiplicity distribution at the intermediate energies at forward angle emissions, the PEQ emissions from multiple stages are considered [34] . The brief description of the model and details of the formalism are given in the next sections. Influence of mean field in PEQ neutron emission was also investigated in an earlier work by Brusati et al. [35] , but they had studied the angle integrated energy distribution in the framework of the microscopic Vlasov-Uehling-Uhlenbeck (VUU) model and followed the time evolution of the system. We have followed in this work the semiclassical approach and analyzed the neutron angular distribution.
The old version of the semiclassical formalism [24] (the HION model) is described in the next section, and the modifications introduced to study the effect of the mean field and that of multiple PEQ emission are presented in Sec. III. In Sec. IV we give the results of our study followed by the conclusion in Sec. V.
II. DESCRIPTION OF THE MODEL
In this work, influence of nuclear mean field and of multiple preequilibrium emissions on the energy-angle distribution of PEQ neutron emission from heavy ion reactions in the energy range of 10-30 MeV/u has been studied. This estimation is based on the semiclassical formalism [24] developed earlier by our group (the HION model and code). In order to study the two effects mentioned above, modifications have been incorporated in the model. The formalism [24] calculates the PEQ contribution until the excited composite system attains a thermodynamic equilibrium through N-N interactions. The energy and angular distribution are determined from the kinematics of two-body scattering. In the HION model for heavy ion reaction, the excited system can be formed even before the onset of any two-body interaction. This initial excited configuration of the composite system is modeled through overlap of the Fermi momentum sphere of the projectile and target nucleus which is described in detail in [24] . The PEQ double differential cross section for an ejectile of type ν is given by [24] 
Here, σ fus represents the absorption cross section of a projectile particle in the target nucleus. The summation starts from N = 0 (before any two-body interaction starts) and extends until equilibration is reached [24] . The probability of the emitted particle being in the energy range ε and ε + dε and solid angle and + d is P N (ε, )dεd . This probability is related to the energy-angle distribution of the ejectile within the nucleus obtained from scattering kinematics and to the effect of refraction at the nuclear surface. The term in the square bracket provides the probability of emission of the ν-type particle with energy ε. λ ν C (ε) and λ ν t (ε) are the rate of emission of the ν-type particle with energy ε and the rate of two-body collisions with other nucleons, respectively. f ν N gives the number of ν-type excited particles at the Nth two-body interaction [24] .
The model considers the composite nucleus to be divided into two parts, a hot spot and a cold spot. The hot spot incorporates the effect of nuclear excitation and is defined by a finite temperature Fermi distribution, whereas the cold spot is described by a zero temperature Fermi distribution. Angular distribution of the emitted particles was obtained from the weighted sum of contributions from these two subsystems [24, 36] : interaction between two nucleons in the hot spot leading to creation, annihilation, or redistribution of the particle-hole pair and interaction between a particle in the hot spot with another in the cold spot leading to creation of particle-hole pairs. The detailed description of the scattering kernels, initial number of excited particles, and energy-angle distribution can be found in [24, 36] .
The model in its original form [24, 36] described above does not take into account any influence of the nuclear mean field in the nucleon emission probability or cross section. It calculates the two-body collision rate λ ν t (ε) using an empirical formalism of Blann [31] as given by
where B ν is the binding energy of the ν-type particle in the nucleus and k is an adjustable parameter taken as 1.0. The model calculates the nucleon emission rate from the cross section of the inverse reaction and considers only single PEQ nucleon emission from the target+projectile composite system. This formalism overestimates neutron emission at backward angles and underestimates neutron emission for intermediate emission energies at forward angles. The model has been modified to investigate (i) the effect of nuclear mean field on the nucleon emission probability and (ii) the influence of PEQ contribution from multiple stages on improving these shortcomings. In order to investigate the contribution of nuclear mean field, nucleon density distribution inside the nuclear matter is calculated using the relativistic mean field (RMF) approach. The nucleon-nucleon collision rates inside the nucleus are determined from this density distribution and the nucleon-nucleon scattering cross section. Subsequently the nucleon emission probability is calculated from a competition between the two-body interaction and nucleon emission rates.
III. MODIFICATIONS INCORPORATED
In heavy ion collisions in the energy range of tens of MeV/u to a few hundred MeV/u, nucleon-nucleon interactions play a leading role in the excitation and deexcitation phase of the nuclear reaction. The matter density distribution within the nucleus determines the nucleon mean free path which strongly influences the total interaction rate and angular distribution of scattering. Density distribution inside the nucleus is pre-034607-2 dominantly determined from the prevalent nuclear field. In the present study, the influence of this nuclear mean field, resulting nuclear density distribution, and that of multiple emissions from the PEQ stage of the relaxation process in the context of neutron emission have been investigated. Multiple preequilibrium emissions of nucleons from the first composite and first residual (formed after particle emission from the composite) nuclei have been included in the model in an attempt to improve the agreement of the calculated nucleon multiplicity with the experimental data.
A. Nucleon density distribution
In the previous form of the model HION, an empirical expression (2) for two-body collision rates given by Blann [31] was used to estimate the emission probability [the term in the square brackets of Eq. (1)]. In the present work, in order to analyze the mean field effect on the relaxation process and on particle emission, nucleon density distribution of the composite nucleus for the reactions under study is determined in the framework of RMF [29, 30] theory. A second approachthe semiphenomenological model [32, 33] -is also adopted for the calculation of nucleon density distribution in order to have a comparison with the results of the RMF approach. As central and near central collisions are considered for comparison with experimental data, the nucleon mean free path is determined from the density distribution at different impact parameters for small values of the angular momentum .
Two-body collision rates inside the nuclear matter and subsequently the neutron emission probabilities are calculated from the nucleon mean free path so obtained. The emission probabilities calculated in this method replaced the emission probabilities calculated from the empirical expression for two-body collision rates [31] in the old model. Total nucleon multiplicity has been determined as the weighted sum of the multiplicities for the reaction taking place at different impact parameters. The effective nuclear excitation (E * eff ) at each impact parameter has been modified to take into account the rotational energy (E rot ) losses. The effective excitation energy available for reaction is given by
where E CM is the center-of-mass energy and R is the radius of the composite nucleus. In the following subsections, a brief description is presented for the calculation of the density distribution, emission probabilities, and multiple preequilibrium neutron emission to obtain the energy-angle distribution of the preequilibrium contribution.
Relativistic mean field approach
The relativistic mean field (RMF) or the density functional approach starts with a Lagrangian describing the Dirac spinor nucleons interacting via the meson fields. The mesons considered are the scalar σ , the vector ω, and the isovector ρ, in addition to the photon. The σ meson provides a strong attraction whereas the ω meson provides strong repulsion, such that the sum (attraction+repulsion) of σ and ω contributions roughly adds up to around 50 MeV, the value consistent with the accepted nonrelativistic value of the average nucleon potential inside the nucleus. The inclusion of the ρ meson accounts for the small isospin dependence. The variation principle yields the equations of motion. At this stage the mean field approximation is introduced. As a result the fields are not quantized and so are replaced by c numbers (the expectation values). This along with the time reversal invariance leads to the Dirac-type equation with potentials involving the meson fields describing the nucleons and Klein-Gordon-type equations with sources involving the nucleon currents and densities for mesons. This nonlinear set of coupled equations, known as RMF equations, are to be solved self-consistently. The required set of parameters appearing in the Lagrangian is usually determined through the χ 2 fit to reproduce the observed ground state properties of a few selected spherical nuclei. The fit is not unique. Several sets of parameters exist; some of these even include additional coupling terms and/or additional mesons. Here, the basis expansion method with axially deformed oscillator basis is used to solve the RMF equations and the most widely used Lagrangian parameter set NL3 [37] is employed. This parameter set is then frozen and is used in the calculation for any nucleus. The calculation yields the nucleon spinors, total binding energy (BE), and the deformation. Other observables like the proton and neutron rms radii, neutron skin, nucleon density distributions, quadrupole moments, etc., can then be calculated. The resulting axially deformed (function of r and θ ) density distributions are expanded in terms of multipoles and the L = 0 (spherical) part is projected out. This spherical part with correct normalization is used in the present work. For details see Ref. [29] .
Semiphenomenological approach
In the semiphenomenological approach [32, 33] , which incorporates correctly the behavior at the center (r → 0) and the behavior at r → ∞ (asymptotic), the nucleon density distribution is written as
+ 1, and
i = n (neutron) or p (proton); E i is the corresponding separation energy of i-type nucleon; q = 0 for neutrons and q = Z − 1 for protons, Z being the atomic number. The parameters ρ n 0 , ρ p 0 are determined through the normalization over the total neutron and proton numbers; R, the lone parameter left, is estimated by reproducing the experimental rms charge density radius. The same value of R is used for neutrons. A detailed description can be found in [33] .
B. Calculation of the emission probability
The emission probability is calculated from a competition between N-N collision rate λ ν t (ε) and nucleon emission rate λ ν C (ε). The emission rate [λ ν C (ε)] of the ν-type particle from the composite nucleus at energy (ε) is given as [38] 
where S ν and m ν are the spin and mass of the ν-type particle, σ inv is the cross section for the reverse reaction, and g is single particle level density. σ inv is calculated using the method of Chatterjee et al. [38] . As mentioned earlier, in the previous version of the model HION, λ ν t (ε) was determined from the empirical relation [Eq. (2)] given by Blann [31] . In the present work a more realistic approach has been adopted. The rate of two-body collisions has been estimated from the exciton velocity within the nucleus and the corresponding mean free path (λ). λ inside the nucleus is determined from the energy dependent N-N interaction cross sections [39] and the matter density distribution. Nucleon mean free path (λ) is given by the relation
Here the mean nucleon density distribution ρ = ρ n + ρ p ; σ is the weighted sum of the N-N cross sections, σ nn ,σ np , respectively, and is given by
ρ n , ρ p , and subsequently ρ are calculated using Eq. (4) for the semiphenomenological approach and the RMF approach using the method of Gambhir et al. [29] . σ nn and σ pp are calculated using the formalism of Charagi and Gupta [39] .
C. Multiple preequilibrium (PEQ) emission
In the older version of the model single particle emission from the target+projectile composite system only was considered throughout the equilibration processes. This approach underestimated the experimentally measured neutron multiplicities for intermediate emission energies at forward angles in the case of 20 Ne + 165 Ho reaction at 30 MeV/u and in the case of 12 C + 165 Ho reaction at 25 MeV/u [26] [27] [28] . In order to improve the agreement of the calculated results with the measured data, a multiple preequilibrium prescription has been introduced in the study. Multiple PEQ emission is possible when the incoming particle has sufficient energy which can knock off more than one particle from the fused system, before attaining a thermal equilibrium, so multiple PEQ emission from a system is expected in the first few exciton hierarchies when the average energy per particle is large. In our work, we have considered two possible ways of multiple PEQ emission: (i) simultaneous two neutron PEQ emission-more than one neutron is emitted from a single exciton hierarchy and (ii) PEQ emission from successive stages-PEQ emission from different exciton hierarchies. In these two cases, the formalisms differ significantly considering the emission of particles from two different sets of originating nuclei. In the former case, the particles are emitted from the same exciton state of the nonequilibrated (target+projectile) composite system leading to a residual nucleus with a mass number A-2, so for the "simultaneous" case, from an exciton hierarchy all particle emission probabilities and the kinetic energy distribution of the emitted particles were estimated considering the system excitation energy of the initial nucleus. The probability that both the particles are emitted with the same emission energy ε in the direction ω from the same exciton state of the composite system is given by the combined probability of the two single particle emissions (Blann and Vonach [34] ). Thus the probability P nn (ε,ω) that two neutrons each with energy ε are emitted in the direction ω from the same exciton hierarchy is given by P nn (ε,ω) = P n (ε,ω)P n (ε,ω), where P n (ε,ω) is the probability of single neutron emission.
On the contrary, in the case of sequential PEQ process from two successive stages, emission in the second stage takes place from the residual system with mass number A-1 generated after the first particle emission from the (target+projectile) composite system. This residual nucleus (A-1) is at a lower excitation energy E c = E c − ε where ε is the emission energy of the first particle. PEQ particles emitted from this stage may carry an energy in the range 0 − (E c − ε). Thus for a given projectile energy, the probability of intermediate energy multiple PEQ increases more through sequential process than that of high energy emissions. The total probability of PEQ neutrons emitted with energy angle (ε, ω) from two successive stages is obtained from the sum of the PEQ emission probabilities from the composite system and the first residual with mass number (A-1). It is given by
(8) In calculating the above probability as a sum of emission probabilities from the two nuclei from different interaction stages, we have considered the probability of Nth interaction in a nucleus to occur without prior emission [24] . This formalism excludes the possibility of repeated counting from the same system.
D. Calculation of the evaporation neutrons
The evaporation neutron multiplicities are calculated using the Monte Carlo procedure for estimating the decay mode of the excited nucleus in the framework of Hauser-Feshbach formalism. The projection angular momentum coupled evaporation code, PACE4 [40, 41] has been used for this purpose. In the code, the deexcitations are solely governed by the height of the fission barrier and level densities of the excited nucleus. In the present version of the code PACE4, the fusion cross sections are estimated using the Bass model [42] , the optical model parameters for nucleons and alpha particles are taken from [43] , and the level densities are derived using the Fermi gas formalism. In the present study, the level density parameter has been chosen to be A/10 and angular distribution of the emitted neutron multiplicities is estimated to account for the evaporation contributions of the systems under study.
IV. RESULTS AND DISCUSSION
In this work we have studied the effect of nuclear mean field through the resulting nucleon density distribution and that of multiple PEQ emission on the energy-angle distribution 185 Ir and 177 Ta using RMF and semiphenomenological approaches are shown in Fig. 1 . The semiphenomenological approach shows a near constant nucleon density in the central part of the nucleus with a larger density of neutrons in the range of 0.093 and 0.092 fm −3 , whereas the proton densities are found to be 0.068 and 0.066 fm −3 for 185 Ir and 177 Ta, respectively. In contrary to the above observation, the RMF approach shows a distinctly different density distribution of the nucleons in the compound nucleus. In both the cases, the central density is found to be less compared to the maximum density around r ∼ 3.0 fm and r ∼ 5.0 fm. In the case of neutrons the central density is found to be 83% of the maximum density and the nucleon density appears as a double hump in the range of 3-5 fm with a small dip at 4 fm. A similar but more pronounced trend is found in the case of the proton densities; the central density is found to be around half of the maximum density. The collective nucleon density distribution shows, at the center, a density of 70% of the maximum value at 5.0 fm.
From the calculated density profile and associated in medium N-N interaction cross sections as obtained from [38, 39] , the two-body collision rates and subsequently the emission probabilities of neutrons are calculated as a function of neutron energy for different values of for both the composite systems. These emission probabilities for = 10 are shown in Fig. 2 along with that calculated using the N-N collision rate given by Eq. (2). For both 185 Ir and 177 Ta, a higher emission probability is obtained from the RMF approach for nucleon density distribution compared to the semiphenomenological model. The variation is energy dependent and increases with increase in the emission energy of the neutrons. For the 20 Ne + 165 Ho system with semiphenomenological approach of density distributions, the 034607-5 10 Ne + 165 Ho system for = 10. Also shown in the figure is neutron emission probability calculated from a competition between the collision rate given by Eq. (2) and the emission rate given by Eq. (5).
emission probabilities increase up to 0.32 at emission energy 260 MeV, maintain a plateau up to 350 MeV, and then decrease at higher emission energies. A similar kind of initial increase and further decreasing pattern in the emission probabilities is observed in the RMF approach as well-the emission probabilities increase until 0.42 and then reduce at higher emission energies. In the case of the 12 C + 165 Ho system at 300 MeV, the emission probability is found to be higher with RMF approach, and monotonically increases. Moreover, the nucleon emission probability calculated from density dependent collision rates is lower than that obtained from the empirical formalism of Blann [31] [Eq. (2)]. The variation is more pronounced at lower neutron energies as the empirical formalism shows weak energy dependence.
Using the N-N collision rate and the emission probabilities described above, the PEQ contribution to neutron multiplicities are calculated using Eq. (1) for the reaction systems considered. The total energy-angle distribution of neutron multiplicities is calculated as a sum of PEQ and evaporation contribution. In Figs. 3(a) 3(b) , and 4(a)-4(c) we have compared the PEQ contribution to neutron multiplicities calculated from the RMF and the semiphenomenological approach (henceforth termed "HION2" and "HION3," respectively) with the experimental measurements for 20 Ne + 165 Ho reaction at different beam energies. Also shown in these figures are the results obtained from the old version of HION (henceforth termed "HION1") code, some of which have already been reported [24] . In Fig. 5 we have given a similar comparison for the 12 C + 165 Ho reaction at 300 MeV.
The experimental measurements are shown as black circles and the associated statistical uncertainties with error bars; diamond represents the HION1 formalism, solid and dotted lines characterize the HION results with RMF density (HION2) and those with semiphenomenological density distributions (HION3), respectively. The dashed line gives the evaporation contribution calculated with the PACE4 code. From Fig. 3 we observe that, for 30 MeV/u 20 Ne + 165 Ho, at angles 20°-70°results from the old formalism (HION1) show good agreement with the experimental data for PEQ contribution at the higher end of the neutron emission range. However, HION1 calculations underestimate the measured multiplicity at intermediate emission energies at 14°and 20°. Moreover, these calculations overestimate the experimental data at backward angles for higher neutron energies and the disagreement increases as one moves away from the incident beam direction [101°, 130°, 159°in Fig. 3(b) ]. For 20 Ne induced reaction on 165 Ho at 402, 292, and 220 MeV (Fig. 4) , the neutron multiplicities calculated with HION1 closely match the measured spectra for PEQ emission at the forward angles (at neutron energies above 30-35 MeV evaporation contribution is negligible and the measured data represent solely the PEQ contribution) but overestimation of the calculated neutron multiplicity at backward angles persists. In the case of 12 C + 165 Ho at 25 MeV/u, shown in Fig. 5 , the calculated PEQ spectrum with HION1 at 10°u nderestimates the measured distribution between 15 and 50 MeV. In order to resolve this mismatch between the calculated and measured PEQ neutron emission and to analyze the influence of the nuclear mean field, nucleon density distribution of the composite systems 177 Ta and 185 Ir, obtained from RMF calculations, has been introduced to estimate the two-body collision rates in the present study. A second approach using the semiphenomenological formalism [32] is also used to determine the density distribution and the collision rates. Neutron emission probabilities as a function of neutron energy are then determined from a competition between these collision rates and the neutron emission rates. Neutron multiplicities calculated with this modified approach are also shown in Figs. 3-5 for 20 Ne and 12 C induced reactions, respectively, on the 165 Ho target. The new approach has reduced the neutron multiplicities compared to the earlier results as the emission probability decreases as compared to that obtained from the empirical formalism [Eq. (2) ]. This decrease is more at lower emission energies which is also reflected in the neutron multiplicity. forth termed "HION2") and from the semiphenomenological approach (henceforth termed "HION3"), at backward angles agrees well with the measured data. For the 20 Ne + 165 Ho reaction at 600 MeV the calculated PEQ neutron multiplicity at forward angles largely underpredicts the experimental data for neutron energies higher than 30 MeV. In the case of 402 MeV 20 Ne on 165 Ho the calculated PEQ neutron multiplicity matches significantly well with the measured data at the backward angles 30°onwards compared to the earlier estimates as shown in Fig. 4 . Similar observations have also been found for 292 and 220 MeV beam energies. For the last two cases the backward angle estimates are much better reproduced with the new approach. For 292 MeV projectile energy, in the extreme forward angle at high emission energy the present study has shown a better corroboration with respect to the measurements. At the backward angles, the present calculations complement better with the experimental measurements. Similarly for 220 MeV incident energy, the overestimation of the HION1 results have been improved with both HION2 and HION3 calculations for backward angles. At 160°emission angle the variation is less between the HION1 and the corresponding new approach due to very small contribution of the preequilibrium emissions.
Similar results were found in the case of the 12 C + 165 Ho system. From Fig. 5 we observe that HION1 calculations underpredict the measured neutron multiplicity at 10°and at 35°for neutron energies above [16] [17] [18] MeV where the PEQ contribution plays an important role. HION1 results overestimate the experimental data at 160°above 18 MeV emission energy. In these emission energy ranges the PEQ contribution predominates the neutron emission. Neutron multiplicity calculated for this system using RMF and semiphenomenological density distribution and the subsequent density dependent N-N collision rate (HION2, HION3) further underestimates the intermediate energy emissions at forward angles as shown in Fig. 5 . This decrease in the calculated neutron multiplicity is due to the lower emission probability as compared to the calculations with HION1, but the reduction in emission probability results in a better agreement of the calculated and measured multiplicities at backward angles. Our analysis for 20 Ne induced reactions at different beam energies shows that the overprediction of the calculated results for low neutron emission energies is attributed to the overprediction of evaporation contribution as predicted by the PACE4 code. In the case of a 12 C induced reaction PACE4 results predict the neutron multiplicity at low emission energy fairly well.
In order to account for the underestimation of the experimental results by the present formalism (HION2 and HION3) for intermediate energy emissions at forward angles we have investigated the contribution of PEQ emission from multiple stages to forward angle emission. In the next stage of the present work we have calculated the multiple PEQ emission-(i) "simultaneous," from the first composite nucleus, and (ii) "successive," from the first composite as well as from the first residual (after single PEQ emission from the composite system) nucleus. It has been observed from our study that for the reaction systems considered the first process contributes at most 2%-3% of the total PEQ while the contribution of the second process is about 40% of the total PEQ emission. This is because when we consider PEQ emission from successive stages, single PEQ emission from the residual nucleus has also been taken into account. The calculated results for the total PEQ multiplicity (RMF approach+multiple PEQ, henceforth termed "HION4") at forward angles are compared with the experimentally measured data and the calculations from HION1 in Fig. 6 . Neutron emission at 10°and 35°e mission angles from 12 C + 165 Ho at 300 MeV and at 14°, 20°, 30°, and 40°emission angles from the 20 Ne + 165 Ho reaction at 600 MeV, respectively, are shown in this figure. From this comparison we see that the multiple PEQ emission can predict the measured neutron emission quite well at 14°and 20°f or 600 MeV 20 Ne + 165 Ho. At 30°and 40°emission angle multiple PEQ results in a slightly higher neutron emission compared to the measured data. In the case of the 300 MeV 12 C induced reaction on 165 Ho multiple PEQ emission helps to improve the agreement with the measured neutron emission at the forward angle. Thus it is observed that for the projectile energies considered in this work, the multiple PEQ mechanism plays an important role in forward angle emission of neutrons.
We have calculated the angular variation of the PEQ contribution, obtained from HION calculations, in the total neutron yield for the 20 Ne and 12 C induced reaction on 165 Ho Table I shows the PEQ contribution as a percentage of the total yield at different angles of emission for 600 and 402 MeV 20 Ne + 165 Ho and 300 MeV 12 C + 165 Ho. From Table I we observe that for a given projectile energy the PEQ contribution decreases as we move to backward angles. As beam energy increases the forward angle emissions increase significantly which is also a signature of PEQ reaction. Significantly higher PEQ emission at forward angles compared to the backward angles in the case of 20 300 MeV may be attributed to the fact that the multiple PEQ mechanism plays an important role in neutron emission at forward angles for these reactions.
V. CONCLUSION
In the present work, we have studied the effects of nuclear mean field and of emission from multiple stages on the energyangle distribution of PEQ emission of neutrons in heavy ion reactions at energies ∼10-30 MeV/u. The reaction systems studied are the 20 Ne + 165 Ho reaction at 220, 292, 402, and 600 MeV and the 12 C + 165 Ho reaction at 300 MeV. In order to study the influence of mean field, nucleon density distribution is calculated in the framework of RMF theory. Two-body collision rates inside the nuclear matter are determined from this density distribution and the free nucleon-nucleon scattering cross section. The two-body collision rates so obtained are used to calculate the neutron emission probability.
A second approach using the semiphenomenological model of Gambhir and Patil [32] is also used to calculate the density distribution and compare with the corresponding results of the RMF approach. The density distributions calculated using the RMF approach and the semiphenomenological model result in an emission probability lower than that calculated by the empirical formalism of Blann [31] up to ∼70 MeV neutron energy. The energy-angle distribution of the emitted neutrons is calculated from the kinematics of two-body scattering following the method of Nandy et al. [24] . Neutron multiplicity calculated from the density dependent collision rates and consequent emission probability agrees well with the experimental data at backward angles, the agreement being better than that obtained from HION1. However, for projectile energies in the range of 25-30 MeV/u single PEQ emission alone (calculated in this approach) underpredicts the forward angle emission. This underprediction is rectified when the PEQ contribution from multiple stages is incorporated (HION4). Thus the new approach in the HION model (HION4) incorporating the mean field effect and multiple PEQ emission (for forward angles at 25-30 MeV/u) can predict the neutron multiplicity distribution fairly well in the projectile energy range of 10-30 MeV/u.
